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Abstract 11 
 12 
Mental rotation of visual images of body parts and abstract shapes can be influenced by simultaneous 13 
motor activity. Children in particular have a strong coupling between motor and cognitive processes. 14 
We investigated the influence of a rotational hand movement performed by rotating a knob on mental 15 
rotation performance in primary school-age children (N= 83; Age range: 7.0-8.3 and 9.0-10.11 16 
years). In addition, we assessed the role of motor ability in this relationship. Boys in the 7-8-year-old 17 
group were faster when mentally and manually rotating in the same direction than in the opposite 18 
direction. For girls and older children this effect was not found. A positive relationship was found 19 
between motor ability and accuracy on the mental rotation task: stronger motor ability related to 20 
improved mental rotation performance. In both age groups, children with more advanced motor 21 
abilities were more likely to adopt motor processes to solve mental rotation tasks if the mental 22 
rotation task was primed by a motor task. Our evidence supports the idea that an overlap between 23 
motor and visual cognitive processes in children is influenced by motor ability. 24 
1. Introduction 25 
 26 
The focus of this study is the investigation of motor processes, motor ability, and mental rotation in 27 
primary school-age children. Mental rotation is the ability to imagine how a stimulus would look 28 
when rotated (Shepard & Metzler, 1971). Motor processes may be investigated by analyzing how 29 
participants conduct particular movements (e.g., rotating a handle). Motor ability is evaluated based 30 
on participants’ level of performance on particular motor tasks (e.g., coordination). 31 
Mental rotation in adults and children 32 
 33 
The original paradigm to test mental rotation ability was developed by Shepard and Metzler (1971). 34 
In this paradigm, participants have to discriminate as fast and accurately as possible whether a rotated 35 
figure is identical or a mirror reversed image of an original upright figure. Response times in this 36 
paradigm typically show a linear increase with increasing angular disparity, which indicates that 37 
participants mentally rotate one figure into congruence with the upright position of the other figure 38 
before making a decision (Courbois, 2000). It has been concluded that mental transformations are 39 
subject to the same spatio-temporal constraints as perceived movements in the external world 40 
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(Metzler & Shepard, 1982). A frequent phenomenon observed in mental rotation is a gender 41 
difference favoring males (Voyer, Voyer, & Bryden, 1995). This effect can also be found in primary 42 
school-age children (Jansen, Schmelter, Quaiser-Pohl, Neuburger, & Heil, 2013). There is good 43 
evidence for psycho-social (Moè & Pazzaglia, 2006; Nazareth, Herrera, & Pruden, 2013) as well as 44 
biological-neuronal (Imperato-McGinley, Pichardo, Gautier, Voyer, & Bryden, 1991; McGlone, 45 
1980) explanations for this difference. A complex interaction of these factors seems to be responsible 46 
for males outperforming females on mental rotation tasks. 47 
Research concerning the development of mental rotation ability in children has shown that at 4 years 48 
of age, some children are already able to mentally rotate age-appropriate stimuli, such as pictures of 49 
toy bears (Marmor, 1975; Estes, 1998). By the age of five (Kosslyn, Margolis, Barrett, Goldknopf, & 50 
Daly, 1990) or six (Estes, 1998), most children can mentally rotate more complex figures, especially 51 
after receiving training (for an overview see Frick, Möhring, & Newcombe, 2014; Newcombe & 52 
Frick, 2010). However, mental rotation in children as young as five seems to depend on the 53 
characteristics of the stimuli. Courbois (2002) showed that it was difficult for 5-year-old children to 54 
mentally rotate stimuli without salient axes. Generally, mental rotation speed and accuracy (hit rate) 55 
increase with age and reach adult levels during adolescence (Kail, Pellegrino, & Carter, 1980).  56 
Motor processes, motor ability and mental rotation in adults 57 
According to the embodiment approach in cognitive science, simple sensory motor interaction with 58 
the environment plays an important role in the development of advanced cognitive skills (Wheeler & 59 
Clark, 2008). The viewpoint of embodiment states that cognitive processes are deeply rooted in the 60 
body’s interaction with the world and that sensory and motor resources are used for off-line cognitive 61 
activity. For example, mentally simulated external events can be used in mental imagery (Wilson, 62 
2002) and gestures can help mental rotation performance (Chu & Kita, 2011). A vast body of 63 
literature has investigated the relationship between physical activity, motor skills, and cognitive 64 
skills. Mental rotation is one prominent paradigm used to explore the link between body and mind. 65 
This is because mental rotation – which requires all basic spatial abilities (Linn & Petersen, 1985) – 66 
makes comprehensive demands on mental abilities. If there is a link between body and mind, it 67 
should be rather evident in more difficult tasks than in simpler tasks, which do not exploit mental 68 
capacity. According to Kosslyn, Thompson, Wraga, and Alpert (2001) there are at least two distinct 69 
mechanisms used to rotate objects, one that involves motor processing and one that does not. To 70 
further support this idea, it has been shown that the use of motor processes can be implicitly 71 
manipulated via the introduction of motor content prior to or during mental rotation (Wraga, 72 
Thompson, Alpert, & Kosslyn, 2003). 73 
The relationship between motor and mental rotation processes has been investigated using different 74 
approaches. One approach explores the effect of physical activity on mental rotation ability. For 75 
example, Moreau, Clerc, Mansy-Dannay and Guerrien (2012) investigated the effect of 10 months of 76 
wrestling training compared to 10 months of running training. They found that wrestlers showed a 77 
significant improvement in mental rotation performance compared to runners.  78 
A second approach investigates the motor processes used while solving a mental rotation task. In 79 
several studies with adults it has been shown that anatomical restraints affect the mental rotation of 80 
visual images of body parts (Parsons, 1987; Pellizzer & Georgopoulos, 1993; Sekiyama, 1982) and 81 
other stimuli (e.g., abstract shapes; Chu & Kita, 2011). Chu and Kita (2011) found better mental 82 
rotation performance when participants were encouraged to use supportive motor gestures while 83 
solving a mental rotation task with cube figures as stimuli compared to participants who were told to 84 
sit on their hands. The advantage in mental rotation for the gesture group continued even if the use of 85 
gestures was prevented in a subsequent block. The authors ascribe the effect to an internalization of 86 
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the gestures and propose that gesture improves the internal computation of spatial transformation in a 87 
general way. In the quasi-experimental study by Moreau (2012), wrestlers were found to demonstrate 88 
better mental rotation performance than runners. However, this advantage disappeared when 89 
participants’ hands were restrained. These findings suggest that the wrestler’s advantage in mental 90 
rotation of abstract objects is not based on mental rotation ability per se, but on the underlying 91 
processes for this task, such as action simulation. Thus, the fact that restraining the hands cleared the 92 
advantage of the wrestler shows that they used some covert action of the hands to improve mental 93 
rotation. Otherwise stated, it is inferred from the degradation of performance that some action 94 
simulation (i.e., covert hand movement) must have taken place in the condition without the hands 95 
restrained to improve performance compared to non-wrestlers.   96 
A third approach is to look at the relationship between a motor task and a mental rotation task by 97 
using an interference paradigm, in which a motor and a mental rotation must be conducted 98 
simultaneously. Concurrent motor rotation included rotating a knob while mentally rotating a 99 
stimulus in the same or the opposite direction, which should evoke the involvement of motor 100 
processes in mental rotation (Chu & Kita, 2011; Wraga et al., 2003). Using this technique, 101 
Wohlschläger and Wohlschläger (1998) found that motor and mental rotation share common 102 
processes: Congruent manual and mental rotation improved mental rotation performance, whereas 103 
incongruent manual and mental rotations (i.e., rotations in opposite directions) degraded mental 104 
rotation performance. A similar result was shown in the interference study of Wexler, Kosslyn and 105 
Berthoz (1998). Wohlschläger (2001) demonstrated this interference effect even when participants 106 
only had the intention of manually rotating a knob (but without a real motor task) while performing a 107 
mental rotation task.  108 
Considering these three approaches, mental rotation of images of bodies or body parts, and even 109 
abstract objects, automatically engage embodiment processes (Krüger, Amorim, & Ebersbach, 2014) 110 
and might be supported or disturbed by the use of covert motor processes. Experts in motor rotation 111 
rely more automatically on covert motor rotations when mentally rotating abstract stimuli (Moreau, 112 
2013). For children, this relationship between motor processes, motor abilities, and mental rotation 113 
has yet to be investigated thoroughly, but some important work has been conducted. 114 
Motor processes, motor ability and mental rotation in children 115 
Jansen and Heil (2010) found a relationship between motor ability and mental rotation skills in 5-6-116 
year-old children. Motor abilities including a coordinative component (e.g. collecting matches or 117 
sticks bimanually) were a strong predictor for mental rotation performance. Ehrlich, Levine and 118 
Goldin-Meadow (2006) confirmed the relation between gestures and spatial transformation tasks for 119 
children as young as 5 years. In comparison to adults, the connection between motor processes and 120 
the rotation of mentally represented objects seems to be stronger in children. Frick et al. (2009) 121 
showed an interference effect between motor rotation and a simultaneous mental rotation task for 122 
children less than 9 years of age. The study included four age groups: 5-year-olds, 8-year-olds, 11-123 
year-olds and adults. Figure and ground pairs were used as stimuli to avoid ambiguity of the direction 124 
of mental rotation. The motor rotation was carried out by turning a wheel with a handle. In older 125 
children (11-year-olds) and adults, interference was not detected. Based on these results it was 126 
concluded that the ability to differentiate between motor processes investigated by a concurrent 127 
motor task and cognitive processes develops with age. In another study, Funk, Brugger and 128 
Wilkening (2005) found a stronger involvement of motor processes for the mental rotation of images 129 
of hands in 5-7-year-old children than in adults. Krüger and Krist (2009) also found an effect of 130 
motor processes in the mental rotation of images of hands to be stronger in first graders than in 131 
adults.  132 
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 133 
Goal and hypotheses of the present study 134 
 135 
The main goal of this study was to investigate whether motor and mental rotation share common 136 
processes according to the studies of adults by Wohlschläger and Wohlschläger (1998) and of 137 
children by Frick et al. (2009). In addition, we aimed to investigate whether those common processes 138 
depend on the motor ability of primary school-age children (Jansen & Heil, 2010). In doing so, we 139 
integrate two different approaches for the study of motor effects on mental rotation for the first time 140 
in this age group.  141 
Our paradigm was similar to that used by Frick et al. (2009) but with some important differences. 142 
Instead of using figure ground pairs as stimuli for the mental rotation task, we used a classic mental 143 
rotation paradigm with two stimuli presented side by side. Because cube figures have been shown to 144 
be too difficult for 7-8-year-old children (Jansen et al., 2013), we used animal figures which were 145 
rotated in the picture plane. Rotation in the picture plane was chosen to ensure that the manual and 146 
mental rotation used the same axis. For manual rotation, a rotating knob of approximately the same 147 
size as the depicted animal figures was used. We tried to match the assumed covert motor process 148 
and the real motor process as closely as possible. In addition, we chose to use more trials in 149 
comparison to Frick et al. (2009) in each condition and to test more participants in each age group to 150 
increase the reliability of our data and to be able to draw conclusions about a possible gender effect.  151 
We expected to find 9-10-year-old children to be superior to 7-8-year-old children in mental rotation 152 
performance. We expected to find interference effects between manual and mental rotation in the 153 
younger age group manifested by longer response times and lower accuracy (hit rate) for 154 
incompatible versus compatible manual and mental rotation. 155 
Since mental rotation performance is often related to motor abilities (Jansen & Heil, 2010; Jansen, 156 
Schmelter, Kasten, & Heil, 2011), each child completed a motor test, measuring manual dexterity, 157 
balance and ball skills. According to the study of Moreau (2012) with adults, we hypothesized that 158 
children with stronger motor skills would rely more on the beneficial involvement of motor processes 159 
while solving mental rotation tasks. Therefore, we expected to find a positive relationship between 160 
motor abilities and mental rotation performance. In addition, we anticipated an interaction between 161 
motor ability and the compatibility of manual and mental rotation. Manual and mental rotations are 162 
compatible when animal picture and knob are rotated in the same direction. If children with increased 163 
motor ability rely more on motor processes when mentally rotating, a simultaneously executed 164 
incompatible motor rotation should be more distracting for these children than for those with poorer 165 
motor ability. Additionally, we anticipated a priming effect that would result in a stronger correlation 166 
between mental rotation performance and motor ability in the experimental block that followed trials 167 
on which mental and manual rotation were combined. Finally, we expected to find an interaction 168 
between this type of motor priming and children’s motor ability. 169 
Although gender differences were not the main focus of the study, we predicted, according to Jansen 170 
et al. (2013), a gender difference in mental rotation performance with boys outperforming girls. We 171 
did not know, however, how gender related to the possible motor interference effect. 172 
 173 
2. Materials and methods 174 
 175 
2.1. Participants 176 
In this study, 83 children in two age groups were tested at their schools:  45 children were in the 7-8-177 
year-old age group (Range: 7.0 to 8.3 years; M = 7.7; SD = 0.3; male: 21, female: 24) and 38 178 
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children were in the 9-10-year-old age group (Range: 9.0 to 10.11 years; M = 9.8; SD = 0.5; male: 18, 179 
female: 20). Children were recruited from two primary schools. All parents were informed that the 180 
experiment was conducted in accordance with the Ethical standards of the APA and gave written 181 
informed consent. Participants had normal or corrected-to-normal vision and 77 were right handed. 182 
Six children (5.3%) were left-handed, however, due to this low percentage neither a separate analysis 183 
nor a modified experiment was conducted for the left-handed group. 184 
2.2. Apparatus and Stimuli 185 
All children completed the Movement Assessment Battery 2 for children (M-ABC-2; Petermann, 186 
2008) and a chronometric mental rotation test with and without concurrent manual rotation. 187 
2.2.1. Movement Assessment Battery 188 
The Movement Assessment Battery 2 for children (M-ABC-2; Petermann, 2008) assesses sensory-189 
motor ability in three dimensions: hand dexterity, ball skills, and balance. The test was chosen 190 
because it covers relevant motor areas, which correlate with mental rotation performance in children 191 
(Jansen & Heil, 2010; Jansen, Lange, & Heil, 2011). Two weeks test-retest reliability for this test is 192 
given with r = .97 in the handbook. The inter-rater-reliability specified is .95. Thus, the M-ABC-2 is 193 
a reliable means to assess motor ability in children.  194 
The hand dexterity assessment included three tests: placing pegs in a board with holes, threading a 195 
lace through a lacing board, and drawing a trail. The ball skills assessment included catching a ball 196 
bounced off a wall with two hands and throwing a bean bag onto a mat 1.8 meters away. The balance 197 
assessment consisted of one-legged balancing on a balance board, walking heel-to-toe forwards, and 198 
one-legged hopping on mats.  199 
An overall score was used for statistical analysis. Children reached an overall composite score of M = 200 
10.94 (SD = 2.72), which equals a percentile rank of 60 (generally, composite scores can range from 201 
1-19). There were no significant differences between age groups or sexes (all p > .05). 202 
 203 
2.2.2. Chronometric mental rotation test with additional manual rotation  204 
Chronometric mental rotation test 205 
Testing was carried out on laptop computers (15’’ monitor) with a rotating knob in a box connected 206 
to the laptop. Children were seated at a table with the laptop in front of them. Stimuli for the mental 207 
rotation test were presented using the software Presentation (Neurobehavioral Systems). The stimuli 208 
consisted of 9 different animal pictures (Snodgrass & Vanderwart, 1980): alligator, bear, cat, dog, 209 
donkey, elephant, fox, gorilla, and rabbit. Each picture was 7x7 cm on the screen and the two images 210 
were spaced 5 cm apart. Participants were free to choose the most comfortable viewing distance. Two 211 
stimuli were presented on the screen simultaneously. The right stimulus was either identical to the 212 
left or mirror-reversed. The left stimulus appeared always upright while the right stimulus was 213 
rotated 0°, +45°,+ 90°, +135°, 180°, -135°, -90° or -45°. Children were explicitly instructed to 214 
mentally rotate the right stimulus to align it with the left, upright stimulus (shown in its canonical 215 
orientation). A positive angle corresponded to stimuli rotated in a clockwise direction and a negative 216 
angle corresponded to stimuli rotated in a counterclockwise direction. 217 
Children were asked to decide if the two animals on the screen were the same or mirror reversed by 218 
way of pressing one of two marked keys (colored red and green) on the keyboard of the laptop. The 219 
buttons were the left and right mouse button underneath the touchpad and had to be operated with the 220 
forefinger and the middle finger of the left hand. Children had to use the left hand for the button 221 
presses in all blocks to avoid differences between conditions with and without concurrent manual 222 
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rotation. Instructions were given in child appropriate language, i.e. they were told to mentally rotate 223 
the right animal the shortest way (regarding rotation angle) until it was standing on its feet like the 224 
left animal and to press the green button if the animals looked in the same direction or the red button 225 
if the animals looked in opposing directions. In addition, they were told to respond as quickly and 226 
accurately as possible. Only one stimulus pair was used for the practice trials to familiarize children 227 
with the demands of the task and 8 different stimulus pairs were used for the test trials, resulting in a 228 
total of 128 different stimulus pairs: 8 (animals) x 2 (same/mirror reversed) x 8 (angular disparity). 229 
The angles in the practice and in the test trials were the same. The two stimuli stayed on the screen 230 
until a response was made. The setup was the same for all children, regardless of dominant hand. 231 
Following the response a smiling face or frowning face appeared for 1000ms as feedback. Feedback 232 
was used throughout the experiment to maintain motivation.  233 
Response time (RT) and hit rates (HR) were analyzed. Trials with RT below 300ms and over 234 
15000ms were considered outliers and treated as errors (0.7% of all trials). Response times faster 235 
than 300ms in a mental rotation task are not possible without guessing (Schmidt & Lee, 2011) and 236 
the upper limit of 15000ms was chosen to provide children with more time to make a decision on the 237 
demanding interference task. For the RT analysis, only correct responses to non-mirror reversed 238 
stimuli were used because angular disparity is not clearly defined for mirror-reversed responses 239 
(Jolicœur, Regehr, Smith, & Smith, 1985). Thus, 128 trials per participant were used in the RT 240 
analysis.  241 
Motor rotation  242 
The box with the rotating knob was positioned on the table at the right side of the laptop. The knob 243 
was 4 cm in diameter and could only be rotated around the z-axis. The dimensions of the box were 244 
14x15x35 cm (height x width x length) and the knob was placed inside to prevent participants from 245 
seeing their hand turning the knob. The knob approximately matched the size of the animal pictures 246 
presented in the mental rotation task. We chose a knob because the rotation resembles the movement 247 
of actually picking up an animal figure and turning it.  248 
Children turned the knob with their right hand in the manual rotation trials. The fixation cross was 249 
followed by a curved arrow indicating the direction the knob should be rotated in. The experiment 250 
only proceeded if children turned the knob in the correct direction. The arrow stayed on the screen 251 
until the knob was rotated in the correct direction. The mental rotation stimuli appeared as soon as 252 
the arrow disappeared and stayed on screen until a response was made (see Figure 1). Children were 253 
told to continue rotating the knob until the feedback was shown. The direction of the curved arrow 254 
stayed the same for each participant but was randomized in each age group resulting in 22 children 255 
rotating the knob clockwise and 23 children rotating counterclockwise for the 7-8-year-old group and 256 
19 children rotating the knob clockwise and 19 rotating it counterclockwise for the 9-10-year-old 257 
group.  258 
Insert Figure 1 about here 259 
2.3. Procedure 260 
The order of the mental rotation test and the M-ABC-2 was counterbalanced. The mental rotation test 261 
began with 16 practice trials. The experimental phase consisted of four blocks of 64 trials each. In 262 
each block, four different animal pictures were used. The first and fourth blocks consisted of mental 263 
rotation only and the second and third blocks consisted of mental and manual rotation. This design 264 
was chosen to equally distribute possible training effects.  265 
 266 
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Results 267 
In this section, we first describe the results for mental rotation performance. Next, we describe 268 
analyses of interference effects between simultaneous manual and mental rotation on response times 269 
and hit rates in the mental rotation task. Finally, we investigate if manually rotating a knob in context 270 
with mental rotation (as in the second and third block) sheds a light on the relationship between 271 
motor ability and mental rotation performance. 272 
3.1 Analysis of mental rotation performance 273 
To investigate children’s performance in mental rotation, response time (RT) and hit rates (HR) were 274 
analyzed in all four blocks of the test.  275 
3.1.1 Response time (RT) 276 
RT was submitted to an ANOVA with the within-subject factors ‘angular disparity’ (0°, +45°, +90°, 277 
+135°, 180°, -135°, -90°, -45°) and ‘manual rotation’ (with and without) and the between-subject 278 
factors ‘age group’ (7-8 vs. 9-10), ‘gender’ (male vs. female) and ‘direction of manual rotation’ 279 
(clockwise vs. counterclockwise). Main effects were found for ‘angular disparity’, F(7,504) = 82.87, 280 
p < .001, ηp² = .54, as well as for the factor ‘age group’, F(1,72) = 20.1, p < .001, ηp² = .22.  281 
A repeated contrast analysis was run for the factor angular disparity to take a closer look at the 282 
differences between each consecutive angle. All contrasts were statistically significant (p < .05). The 283 
respective means (averaged across clockwise and counterclockwise rotation) were 1724.53ms, 284 
2037.26ms, 2350.02ms, 2766.59ms, and 3039.21ms for the angles 0°, 45°, 90°, 135°, and 180°. A 285 
linear regression analysis was computed to model the relation between rotation angles and RT, which 286 
yielded a significant result (F(1,4)=872.63, p < 0.001).  287 
The younger children had longer RT than older children (M = 2704ms, SE = 97 vs. M = 2063ms, SE 288 
= 105). In addition, a main effect was found for ‘manual rotation’, F(1,72) = 27.35, p < .001, ηp² = 289 
.28. RT was longer when mental rotation and manual rotation were performed simultaneously (M = 290 
2530ms, SE = 85 vs. M = 2238ms, SE = 67). An interaction also occurred between ‘angular disparity’ 291 
and ‘gender’, F(7,504) = 2.6, p < .05, ηp² = .04. Post hoc analyses with t-tests for each angle did not 292 
produce any significant differences between boys and girls.  293 
3.1.1.1 0°-Trials 294 
To control for effects other than mental rotation, such as perception, encoding of stimuli and motor 295 
reaction, an ANOVA for the dependent variable RT in 0°-trials was performed. The within-subject 296 
factor was ‘manual rotation’ (with or without) and the between-subject factors were ‘gender’ (male 297 
vs. female), ‘age group’ (7-8 vs. 9-10) and ‘direction of manual rotation’ (clockwise vs. 298 
counterclockwise). Main effects were found for ‘age group’, F(1,75) = 13, p < .01, ηp² = .15, and 299 
‘manual rotation’, F(1,75) = 10.5, p < .01, ηp² = .12. Younger children had longer RT than older 300 
children (M = 1943ms, SE = 82 vs. M = 1509ms, SE = 89) and RT was shorter when no additional 301 
manual rotation had to be performed (M = 1602ms, SE = 51 vs. M = 1849ms, SE = 87). These data 302 
suggest that perceptual and motor processes are faster for the older age group in comparison to the 303 
younger and are also faster when children perform a spatial task in comparison to a dual task. 304 
3.1.1.2 Mental rotation speed  305 
Mental rotation speed is calculated as the inverted slope of the regression. Its analysis sheds light on 306 
the process of mental rotation without the time needed for processes such as perception, encoding of 307 
stimuli and motor reaction. Due to negative rotation speed or values more than 3 standard deviations 308 
above or below the mean, four children had to be excluded from the analysis. Afterwards mental 309 
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rotation speed was submitted to an ANOVA with the within-subject factor ‘manual rotation’ and the 310 
between-subject factors ‘age group’ and “gender’. A main effect for the factor ‘gender’ was found, 311 
F(1,71) = 5.25, p < .05, ηp² = .07. Boys rotated faster than girls across all age groups (M = 192°/s, SE 312 
= 13 vs. M = 153°/s, SE = 11). No other effects or interactions were found. 313 
3.1.2 Hit rates (HR) 314 
HR was submitted to an ANOVA with the within-subject factors ‘angular disparity’ (0°, +45°, +90°, 315 
+135°, 180°, -135°, -90°, -45°) and ‘manual rotation’ (with and without) and the between-subject 316 
factors ‘age group’ (7-8 vs. 9-10), ‘gender’ (male vs. female) and ‘direction of manual rotation’ 317 
(clockwise vs. counterclockwise). Main effects were found for ‘angular disparity’, F(7,525) = 19.72, 318 
p < .001, ηp² = .21, as well as for the factor ‘age group’, F(1,75) = 5.76, p < .05, ηp² = .07. HR 319 
decreased with increasing angle (repeated contrast analyses showed that contrasts between 0° and 320 
45°, 135° and 180°, -90° and -45° are significant with p > .05; all other contrasts p < .05) and 321 
younger children made more errors than older children (M = 89%, SE = 1.4 vs. M = 94.1%, SE = 322 
1.6). In addition, a main effect was found for ‘manual rotation’, F(1,75) = 7.154, p < .01, ηp² = .9. HR 323 
was higher when mental rotation and manual rotation were performed simultaneously (M = 92.4%, 324 
SE = 1 vs. M = 90.6, SE = 1.2). An interaction appeared between ‘manual rotation’ and ‘gender’, 325 
F(1,75) = 4.82, p < .05, ηp² = .06. Post hoc analyses with t-tests for each condition did not produce 326 
any significant differences so this interaction was not analyzed in further detail. Finally, to rule out a 327 
possible speed-accuracy tradeoff a correlation analysis between mean HR and mean RT was 328 
performed. Only significant negative correlations could be found: mental rotation only (r = -.23, p < 329 
.05), mental and manual rotation (r = -.3, p < .01), indicating that children with higher HR also had 330 
shorter RT.  331 
3.2 Analysis of the effect of compatible and incompatible manual and mental rotation 332 
To investigate whether manual and mental rotation share common underlying processes, the effect of 333 
compatible and incompatible manual and mental rotation on RT and HR in the two blocks with 334 
manual rotation (block 2 and 3) was investigated. Negative and positive angles were classified as 335 
compatible or incompatible according to the participant’s direction of manual rotation. RT and HR 336 
for the angles 0° and 180° were excluded from this analysis because either no rotation was needed to 337 
solve the task or the direction of rotation was arbitrary. The remaining 48 trails per participant were 338 
used in this analysis after excluding the trials with 0° and 180° rotation angle. A 3 (angular disparity) 339 
x 2 (compatibility) x 2 (age group) x 2 (gender) x 2 (direction of manual rotation) ANOVA with the 340 
dependent variables RT and HR was used. M-ABC-2 score was considered as a covariate in the 341 
analysis of HR because partial correlation analyses between M-ABC-2 score, RT and HR in block 2 342 
and 3 only showed significant results for HR (r = .29, p < .01). 343 
3.2.1 Response time 344 
Main effects were found for ‘angular disparity’, F(2,148) = 53.15, p < .001, ηp² = .42, as well as for 345 
the factor ‘age group’, F(1,74) = 18.05, p < .01, ηp² = .20. Again, RT increased with increasing angle 346 
(repeated contrast analyses: all contrasts p < .001) and younger children had longer RT than older 347 
children (M = 2869ms, SD = 113 vs. M = 2169ms, SD = 120) (see Figure 2). Additionally, significant 348 
interactions were found for the factors ‘age group’ and ‘compatibility’, F(1,74) = 7.37, p < .01, ηp² = 349 
.09, ‘age group’, ‘compatibility’ and ‘gender’, F(1,74) = 8.35, p < .01, ηp² = .10 (see Figure 2), and 350 
for ‘compatibility’ and ‘direction of manual rotation’, F(1,74) = 4.26, p < .05, ηp² = .05. For the latter 351 
interaction, post hoc analyses with t-tests revealed no significant differences between the mean RT 352 
during clockwise (M = 2491ms, SD = 122) or counterclockwise (M = 2526ms, SD = 119) manual 353 
rotations (p > .1).  354 
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To further investigate the interaction between ‘age group’, ‘compatibility’, and ‘gender’, separate 355 
analyses for each age group were calculated. In the younger age group the factor ‘compatibility’ 356 
revealed a significant main effect, F(1,40) = 4.59, p < .05, ηp² = .10. In addition, a significant 357 
interaction was found between the factors ‘compatibility’ and ‘gender’, F(1,40) = 5.89, p < .05, ηp² = 358 
.13. In the older age group, these effects were not found: ‘compatibility’ (p = .09), interaction 359 
between ‘compatibility’ and ‘gender’ (p = .1). The compatibility effect can be accounted for by the 360 
the boys in the younger age group (7-8-year-old boys: compatible rotation direction: M = 2613ms, 361 
SD = 182; incompatible rotation direction: M = 2902ms, SD = 190; 7-8-year-old girls: compatible 362 
rotation direction: M = 2989ms, SD = 166; incompatible rotation direction: M = 2971ms, SD = 172 363 
and see Figure 2). To summarize, a significant effect of compatibility of rotation direction on the RT 364 
was found only for 7-8-year-old boys. 365 
3.2.2 Hit rates 366 
To control for the influence of motor ability on compatibility effects, the M-ABC-2 overall score was 367 
added as a covariate. The ANCOVA yielded a main effect for the factor ‘age group’, F(1,74) = 6.13, 368 
p < .05, ηp² = .08. Older children had higher HR than younger children (M = 95.8%, SD = 1.4 vs. M = 369 
90.9%, SD = 1.3). Another main effect was found for the factor ‘angular disparity’, F(2,148) = 4.91, 370 
p < .01, ηp² = .06, with higher HR for smaller disparities. Repeated contrast analyses revealed a 371 
significant difference between 45° and 90° (p < .05), but no significance for the difference between 372 
90° and 135° (p > .05). For the factor ‘compatibility’, no significant effects (p > .05) or interactions 373 
were found (all p > .05). Finally, motor ability, as measured with the M-ABC-2, was significantly 374 
related to HR, F(1,74) = 5.0, p < .05, ηp² = .06. Thus, no significant effect of compatibility of rotation 375 
direction on HR was found. 376 
3.3 Effects of motor ability and motor priming on subsequent mental rotation 377 
Further analyses were performed to investigate whether a concurrent motor action (manually rotating 378 
a knob) primes the use of motor processes in a mental rotation task. Specifically, we asked whether 379 
motor processes are involved in mental rotation to a greater extent after performing a motor task in 380 
context with a mental rotation task. If this is the case, the RT and HR should differ between block 4 381 
(mental rotation preceded by a motor task) and block 1 (mental rotation that was not preceded by a 382 
motor task).  383 
To determine if motor ability should be used as a covariate to investigate this question, partial 384 
correlation analyses between the M-ABC-2 score and mental rotation performance (HR and RT) and 385 
‘age in months’ as a control variable were run in block 1 and 4. The Bonferroni-adapted partial 386 
correlations between M-ABC-2 score and mental rotation performance (HR and RT) were significant 387 
in the second block (block 4) of mental rotation (RT: r=-.3, p < .01; HR:  r=.3, p < .01) but not in the 388 
first block.  389 
Two repeated measures ANCOVAs were subsequently run with the within-subjects factors ‘angular 390 
disparity’ (0°, +45°, + 90°, +135°, 180°, -135°, -90° and -45°) and ‘priming’ (with and without) and 391 
the between-subjects factors ‘gender’ and ‘age group’ for the dependent variables RT and HR; ‘M-392 
ABC-2 overall score’ was used as a Covariate because of the correlation in block 4. 393 
 394 
3.3.1 Response time 395 
The ANCOVA for the blocks of mental rotation without manual rotation with RT as dependent 396 
variable revealed main effects for ‘angular disparity’, F(7,504) = 4.89, p < .001, ηp² = .06, and ‘age 397 
group’, F(1,72) = 19.55, p < .001, ηp² = .21. RT increased with increasing angular disparity but 398 
repeated contrast analyses showed that the differences (p < .01) were significant only between 0° and 399 
45° and between -45° and -90°: Older children had shorter RT than younger children (M = 1952ms, 400 
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SD = 95 vs. M = 2531ms, SD = 90). No significant main effect for the factor ‘priming’ was found (p 401 
> .05) indicating that no general learning effect occurred. A significant interaction was found 402 
between ‘angular disparity’ and ‘gender’, F(7,504) = 2.3, p < .05, ηp² = .03. Separate analyses with t-403 
tests showed significantly longer RT for girls only at 135° (girls: M = 2912ms, SD = 966 vs. boys: M 404 
= 2391ms, SD = 772). The family wise alpha error was below 5%. Another interaction was found 405 
between ‘priming’ and ‘M-ABC-2 overall score’, F(1,72) = 4.01, p < .05, ηp² = .05. This interaction 406 
supports the correlation analysis reported in 3.3: Children with more advanced motor skills show 407 
higher levels of performance in a mental rotation test only in the last block, i.e. after combined 408 
mental and manual rotation. 409 
3.3.2 Hit rates 410 
In the ANCOVA with the dependent variable ‘HR’, the covariate ‘M-ABC-2 overall score’ was 411 
significantly related to ‘HR’, F(1,78) = 5.96, p < .05, ηp² = .07. Significant main effects were also 412 
found for the factors ‘angular disparity’, F(7,546) = 5.73, p < .001, ηp² = .07, and ‘age group’, 413 
F(1,78) = 4.4, p < .05, ηp² = .05. HR decreased with increasing angular disparity but repeated contrast 414 
analyses showed that the only significant differences (p < .05) were between 0° and 45°, 45° and 90°, 415 
and -90° and -135°. Older children had higher HR than younger children (M = 93%, SD = 1.8 vs. M = 416 
88%, SD = 1.6). No effect or interaction with the factor gender could be found (all p > .05).  417 
There was also a significant interaction between ‘priming’ and the covariate ‘M-ABC-2 overall 418 
score’, F(1,78) = 4.64, p < .05, ηp² = .06. Post hoc analysis of an interaction with a covariate is not 419 
possible. According to the correlation analysis reported in 3.3, children with stronger motor abilities 420 
have shorter RT and higher HR. This holds true in the last block of mental rotation alone after two 421 
blocks with motor priming. There is no relationship found in the mental rotation block preceding the 422 
motor priming.  423 
Another significant interaction was found between ‘angular disparity’ and the covariate ‘M-ABC-2 424 
overall score’, F(7,546) = 2.71, p < .01, ηp² = .03. Thus, the effect of motor priming on mental 425 
rotation performance depended on the overall score of the M-ABC-2. Children with advanced motor 426 
ability profited more from motor priming, i.e. performed better after combined mental and manual 427 
rotation than those with weaker motor ability. 428 
4 Discussion 429 
The aim of the present experiment was to investigate effects of manual rotation on mental rotation in 430 
two different age groups and to test the impact of motor ability on these effects. A significant effect 431 
of compatibility of rotation direction on the response time in a mental rotation task was found only 432 
for 7-8-year-old boys. Rotating a knob in one direction interfered with the mental rotation of animal 433 
pictures in the opposite direction. Boys in the 7-8-year-old group were about 300ms faster when 434 
mentally and manually rotating in the same direction compared to the incompatible condition. This 435 
effect could not be found for girls in the same age group or for 9-10-year-old children. An interaction 436 
between children’s motor abilities and the interference effect was not found. However, mean 437 
response times and hit rates in the mental rotation task were significantly influenced by children’s 438 
motor abilities after performing a manual rotation task (rotating a knob) in context with the mental 439 
rotation task. 440 
4.1 Mental Rotation 441 
In line with previous literature, the findings of the present study include effects of both age and 442 
angular disparity on mental rotation performance (Kosslyn et al., 1990). Children in the younger age 443 
group made more errors and had longer response times than children in the older age group. In both 444 
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age groups, errors and response times increased with increasing angular disparity. This result 445 
indicates that children did use mental rotation to solve the task (Shepard & Metzler, 1971). Although 446 
significant interactions were found between angular disparity and gender (response time) resp. 447 
manual rotation and gender (hit rates), post hoc analyses did not reveal significant differences 448 
between boys and girls in any of the angular disparities and neither for the condition with, nor for the 449 
condition without manual rotation. This result is in contrast to the study of Jansen et al. (2013). A 450 
gender difference was only found when the effect of manual rotation compatibility was also assessed. 451 
4.2 Interference between motor processes and mental rotation 452 
Though the present study uses a slightly different paradigm, the results of Frick et al. (2009) were 453 
largely replicated. Compatible with our findings, Frick et al. (2009) found an effect of compatibility 454 
for younger children. Unlike Frick et al. (2009), the present results revealed an effect of gender. An 455 
age-dependent effect of compatibility supports the theory that the ability to dissociate visual mental 456 
activities and motor processes develops with age. The 7-8-year-old boys in our study showed a 457 
response time in the compatible condition that was around 300ms shorter than in the incompatible 458 
condition. Moreover, the younger boys’ reaction time was around 300ms shorter than that of the girls 459 
in the same age group. This gender difference was not expected and is, as far as we know, a new 460 
finding regarding dual task paradigms. As may be the case, boys take advantage of a strong 461 
relationship between motor and visual-mental processes as long as the task is not interfered by a 462 
concurrent motor task. This could possibly contribute to the explanation of the often found gender 463 
difference in mental rotation. However, with the data at hand, this point remains speculative. Please 464 
also note that no gender effects were found regarding hit rates. Moreover, in contrast to our 465 
hypothesis, no interaction between motor ability and the compatibility effect could be found. 466 
4.3 Motor ability, mental rotation and motor priming 467 
The influence of motor ability on the mean hit rates is in line with previous literature (Jansen & Heil, 468 
2010; Jansen et al., 2011). According to Moreau (2012), the involvement of motor processes in non-469 
motor processes, such as mental rotation, is due to prior extensive motor experience. Following their 470 
arguments, people with strong motor skills should be more likely to use motor processes while 471 
solving mental rotation tasks and profit from using these skills. In a different experiment, Wraga et 472 
al. (2003) showed that motor priming by performing a motor-related task has immediate 473 
consequences on a subsequent set of actions. The authors found that cortical areas in the brain that 474 
are involved in motor action were activated during mental rotation after motor priming. Hence, motor 475 
processes were used in computing the mental rotation of abstract objects. In contrast, these brain 476 
regions were not activated if the previous task included no motor priming.  477 
A separate analysis of the response times and hit rates in the first block of mental rotation, where no 478 
motor priming in the form of manual rotation could trigger the involvement of motor processes, 479 
showed no influence of motor ability on mental rotation performance. In block 2 and 3 the hit rates in 480 
the mental rotation task were significantly related to motor ability. Finally, in block 4, hit rates and 481 
even response times showed a relationship with children’s motor abilities. A general learning effect 482 
from block 1 to block 4 is unlikely because no main effect for the factor ‘priming’ was found. A main 483 
effect would have indicated that all children improved their performance during the test. In contrast, 484 
the interaction between the factor priming and the covariate M-ABC-2 overall score shows that 485 
children’s mental rotation performance after the interference task was modulated by motor ability. 486 
Children with stronger motor ability profited more from simultaneous compatible manual and mental 487 
rotation. This suggests that the manual rotation of a knob in our experiment induced the use of motor 488 
processes to solve mental rotation tasks. Gender did not seem to play a crucial role in the analysis of 489 
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priming effects. No gender effects were found for hit rates. For response times, a significant 490 
interaction between angular disparity and gender was found. However, separate analyses with t-tests 491 
showed significantly longer response time with girls for one angular disparity only.   492 
Chu and Kita (2011) propose that the application of motor processes generally has a positive 493 
influence on mental processing of spatial transformations. Boys in the younger age group may have 494 
relied innately more on motor processes while solving the mental rotation task which proved 495 
beneficial and resulted in a mean response time that was around 300ms shorter than the girls’ 496 
response time. But if this reliance on learned motor processes was disrupted by a concurrent motor 497 
process such as rotating a knob in the opposite direction, boys had to rely more on visual processes. 498 
This might result in a mean response time of the same length as the girls’. Whether the girls in the 7-499 
8-year-old age group relied on visual processes while solving mental rotation tasks cannot be derived 500 
from these data, since the concurrent motor task increased girls’ response time and it was not 501 
influenced by direction of manual rotation.  502 
We may only speculate about why gender differences were found for the effect of compatibility in 503 
the younger age group. One reason might be that the boys in this age group had a better perception-504 
action coupling (Mounoud, Duscherer, Moy, & Perraudin, 2007; Piaget, 1952). “Action-perception 505 
coupling” refers to the observation made by Mouneoud et al. (2007) that the perception of an action 506 
pantomime can facilitate the subsequent recognition of a corresponding tool. Given boys’ general 507 
preference for toys which tend to encourage manipulation, construction, and active exploration 508 
(Cherney & London, 2006) and thus foster spatial abilities (Robert & Héroux, 2004), 7-8-year-old 509 
boys may be more sensitive to effects of compatibility. For the children in the older age group, faster 510 
response times, higher hit rates and no effects of compatibility were found. This supports the idea 511 
that as children grow older, there is a developmental shift that allows for better decoupling of visual 512 
mental representations and manipulations on the one hand and motor processes on the other. 513 
4.4 Limitations 514 
Some limitations of the study should be noted. In the paradigm used, an arrow appeared on the screen 515 
indicating the direction the knob should be rotated in. As soon as the knob was rotated in the correct 516 
direction the arrow disappeared and the stimuli for the mental rotation task appeared on the screen. 517 
Children were told to constantly rotate the knob while solving the mental rotation task. When 518 
cognitive load increased while solving the mental rotation task, many children slowed their speed of 519 
manual rotation or even stopped. Although children were reminded of the instructions when this was 520 
observed, they soon returned to this behavior. In further studies it may prove effective to couple the 521 
knob with a velocity detection system so that a possible slowing of the rotation can be measured. 522 
Nevertheless, a compatibility effect was observed in the present study and the use of motor processes 523 
in solving a mental rotation could be induced.  524 
The possibility that some children, in contrast to the instructions, might have rotated the left (upright) 525 
stimulus in order to align it with the right (rotated) stimulus cannot be ruled out. Another point that 526 
has to be considered is that the presentation of the arrow might have stimulated a predominantly 527 
visual strategy to solve the mental rotation task thus reducing interference effect due to motor 528 
processes. This point can also not be ruled out completely with our data. The finding that mental 529 
rotation performance in the block subsequent to the manual mental rotation task is clearly influenced 530 
by motor ability, however, shows that beneficial motor processes have been induced in children with 531 
stronger motor skills. Further research with the arrow as a primer prior to mental rotation without 532 
manual rotation might resolve this issue. Furthermore, it may be possible that it was primarily girls 533 
who stopped rotating the knob.  534 
 535 
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4.5 Conclusion 536 
The collective results of this study suggest that 7-8-year-old boys rely more on motor processes in 537 
solving mental transformation tasks compared to girls of the same age. In older children, this 538 
difference may be eliminated due to more advanced cognitive skills, but this theory should be 539 
investigated in further studies. Children with strong motor abilities are more likely to use beneficial 540 
motor processes in mental rotation tasks after performing a motor task in context with a mental 541 
rotation task. These results confirm an overlap between motor and cognitive processes, especially for 542 
young children, and underline the importance of multifaceted motor experience. 543 
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7 Figure legends 658 
Figure 1 Schematic drawing of the sequence of stimuli presented within one trial. 659 
Figure 2 Mean of the response times per age group and gender for compatible, incompatible and no 660 
rotation trials. 661 
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